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Abstract: 1 
Landscape restoration projects often have multiple and disparate conservation, resource 2 
enhancement and sometimes economic objectives, since projects that seek to meet more than one 3 
objective tend to be viewed more positively by funding agencies and the community. The degree 4 
to which there are tradeoffs among desired objectives is an important variable for decision-makers, 5 
yet this is rarely explicitly considered. In particular, the existence of ecological thresholds has 6 
important implications for decision-making at both the project level and the regional level. We 7 
develop a model of the possibilities and choices for an agency seeking to achieve two 8 
environmental objectives in a region through revegetation of a number of sites. A graphical model 9 
of the production possibilities sets for a single revegetation project is developed and different 10 
tradeoff relationships are discussed and illustrated. Then the model is used to demonstrate the 11 
possibilities for managing all such projects within a region. We show that where there are 12 
thresholds in the tradeoff relationship between two objectives, specialization (single- or dominant- 13 
objective projects) should be considered. This is illustrated using a case study in which 14 
revegetation is used to meet avian biodiversity and salinity mitigation objectives. We conclude that 15 
where there are sufficient scientific data, explicit consideration of different types of tradeoffs can 16 
assist in making decisions about the most efficient mix and type of projects to better achieve a 17 
range of objectives within a region.  18 
 19 
Key words: Allocasuarina; buloke; ecological thresholds; multiple objectives; production 20 
possibilities frontier; salinity 21 
 3 
1. Introduction 1 
In fragmented and degraded landscapes worldwide, loss of biodiversity is of increasing concern. In 2 
many areas, particularly those in which the major land use is agriculture, the remaining native 3 
vegetation is unable to support ecologically functioning populations of all species which were 4 
present in an area (Perrings et al. 2006). Furthermore, in many areas, local extinctions are 5 
continuing. For example, population declines of previously common birds have been recorded in 6 
agricultural regions of Australia, Europe and North America, in many cases long after broad-scale 7 
clearing has ceased (Barrett et al. 1994; Fuller et al. 1995; Krebs et al. 1999). Exacerbating these 8 
problems are processes associated with land degradation such as encroaching dryland salinity and 9 
soil erosion. 10 
 11 
Ecological restoration is the process of restoring function or health to an ecosystem that has been 12 
degraded. Restoration actions generally proceed as a series of individual projects, ranging from 13 
property to landscape to regional scale, with funding for such projects provided by governments 14 
often through regionally-based natural resource management organizations. Government agencies 15 
and/or these regional bodies approve projects that are seen to make a contribution toward the 16 
achievement of particular regional objectives, typically measured through an improvement in 17 
identified resource condition targets or at least in outputs that can be reasonably presumed to 18 
contribute to improved condition. Here we define an objective as a direction in which we should 19 
strive (Brauers 1998), progress towards which is measured by some outcome or indicator of that 20 
outcome. In a given region, the community and responsible organizations will usually have 21 
multiple objectives relating to landscape restoration derived from the need to address particular 22 
biophysical problems such as declining water quality, soil erosion and loss of biodiversity 23 
 4 
(Qureshi & Harrison 2001; Cipollini et al. 2005). There is the potential for both synergy and 1 
conflict among these objectives.  2 
 3 
2. Tradeoffs among revegetation objectives 4 
Restoration aimed at preserving biodiversity and ecological integrity in highly fragmented regions 5 
in the long-term necessarily involves attempts to restore native vegetation and re-create large 6 
amounts of habitat in the landscape, either through active intervention or through allowing 7 
regeneration to occur (Hobbs 1993; Vesk & Mac Nally 2006). Many government, not-for-profit 8 
and community groups have embraced this concept, particularly as it refers to active re-vegetation 9 
(Elliott et al. 2003; Environment Australia 2001). Government-funded initiatives have encouraged 10 
the planting of components of vegetation, particularly trees and shrubs (Elliott et al. 2003; Sayer et 11 
al. 2004). This type of ecological restoration action is also generally considered an attractive 12 
option by community groups (Vitosh & Thompson 2000).  13 
 14 
Typically, several potential objectives are considered during the planning phase of revegetation 15 
projects. These may include reducing recharge of saline water tables (Stirzaker et al. 1999); 16 
providing shelter for livestock or crops (Gregory 1995); improving water quality (Parkyn et al. 17 
2003); improving aesthetic qualities of an area (Brack 2002); providing habitat for wildlife in 18 
general, a particular threatened species or a particular suite of species (Harley et al. 2005); re-19 
establishing the original native vegetation of an area (Wilkins et al. 2003); producing timber 20 
(Lamb et al. 2005); carbon sequestration (Brack 2002) or land stabilization (Marden et al. 2005). 21 
Often, several of the above are implicit or explicit objectives of a given revegetation project. 22 
Determinants of project outcomes include total area of vegetation established, initial and target 23 
plant density, initial and target species mix, the relative proportions of different species, the 24 
 5 
position in the landscape and the configuration of planted areas, and the vegetation strata 1 
established.  2 
 3 
The desire to achieve multiple objectives in a given project is understandable, since on-the-ground 4 
actions are funded through competitive schemes or through simple allocations with limited total 5 
funds. Regional or state funding agencies often have to achieve a large suite of objectives as a 6 
statutory obligation (Bryan et al. 2005) or to satisfy multiple stakeholders, so it may seem to both 7 
funding agencies and service providers that it is most effective to fund a project which proposes to 8 
contribute to meeting several of these objectives, rather than to invest in a project focused on a 9 
single objective (e.g. Centre for International Economics 1999; Bryan et al. 2005). An acceptance 10 
of the inevitability of some tradeoffs is institutionalized in, and exemplified by, the concept of 11 
sustainable development (SD), as set out in Our Common Future (World Commission on 12 
Environment and Development 1987) and in key policy documents and programs, such as those of 13 
the Australian Government (Hawke 1989; Commonwealth of Australia, 1996).  14 
 15 
A number of studies have identified tradeoffs in the management of native and plantation 16 
woodlands for multiple objectives, typically focusing on the tradeoffs between economic returns 17 
and conservation values, in general or particular (Vincent and Binkley, 1993; Boscolo and 18 
Vincent, 2003; Catterall et al. 2005). The usual purpose of such studies is to determine whether 19 
‘specialized management’ of woodlands yields better net outcomes than ‘uniform’ management 20 
for multiple objectives (Boscolo & Vincent 2003). Specialized management involves managing 21 
projects or activities within a portfolio with each having a sole or dominant objective. Conversely, 22 
uniform management entails managing each project or activity in the portfolio so as to achieve a 23 
similar set of objectives at all sites. For example, Green et al. (2005) used an approach similar to 24 
 6 
that used in this study to conclude that it may be best to more intensively crop some land leaving 1 
other areas unfarmed (specialization), rather than managing the whole of a region at a lower 2 
intensity for multiple functions (relative uniformity). 3 
 4 
To maximise conservation benefits, decision-makers need to know what mix of specialized and 5 
uniform management to use across a portfolio of projects. Catterall et al. (2005) identified that the 6 
nature of the tradeoff relationship between objectives, in their case biodiversity and timber 7 
production in northern Australian rainforest timber plantations, would determine whether it was 8 
efficient to sacrifice some timber production for biodiversity benefits. Vincent and Binkley (1993) 9 
concluded that greater efficiency is achieved by ‘dominant-use’ management of forests, with 10 
different stands being managed for different dominant objectives, though Boscolo and Vincent 11 
(2003) qualify this. They concluded that uniform management is best for the joint production of 12 
timber and carbon sequestration, whereas specialized management is best if aiming for both timber 13 
and biodiversity. In particular, they showed that it may be more efficient to completely clear fell 14 
some forest patches, while leaving others for conservation purposes, rather than using a uniform 15 
management approach whereby the whole forest area is selectively logged (Boscolo and Vincent 16 
2003).  17 
 18 
Some of the insights and concepts from modeling trade-offs in forests (Boscolo and Vincent 2003) 19 
and production landscapes (Green et al. 2005; Groeneveld et al. 2005) are here adapted so as to 20 
develop a model of revegetation projects. Only two objectives are used to simplify the graphical 21 
representation, though multi-objective analysis is possible with more sophisticated mathematical 22 
analysis (Brauers 1998). The model illustrates how a regional decision-making body’s preferences 23 
might relate to project- and regional-level possibilities where different tradeoffs among objectives 24 
 7 
exist, following Prato’s (2003) discussion of the management of protected areas and an adaptation 1 
of Baumol and Bradford’s (1972) representation of production possibilities in situations where 2 
there may be detrimental externalities. In particular, we demonstrate the possibilities that arise 3 
where ecological thresholds exist in the relationship between objectives at a project level, and the 4 
solutions whereby dual objectives can still efficiently be met across a portfolio of projects at the 5 
regional level.   6 
 7 
3. Modelling regional preferences  8 
In this model, a regional natural resources management agency (NRMA) has the key role in 9 
synthesizing the preferences of a government and regional stakeholders (Prato 2003) and thereby 10 
expresses the utility of the expected outcomes from re-vegetation. All combinations of outcomes 11 
that are of equal utility to the NRMA are mapped on an indifference curve and each of many 12 
curves represents a different level of utility. From Figure 1a, the NRMA would be equally satisfied 13 
with, or be indifferent between, combinations C (a3, b1) and D (a2, b2). The degree to which the 14 
NRMA will ‘trade’ one combination for another at any point on the indifference curve is the 15 
marginal rate of substitution (MRS), so that for µ1 in Figure 1a, moving from combination C to 16 
combination D: 17 
)(
)(
MRS
12
23
bb
aa



 18 
In other words, the NRMA would trade off (a3−a2) to gain (b2−b1) and would still achieve the 19 
same utility (µ1).  There are, however, other combinations of outcomes that would result in greater 20 
utility. Hence, combination E (a1, b3) produces greater utility than either combinations C or D.  21 
 22 
 8 
In Figure 1a, the MRS is common to all the indifference curves and constant along each curve. In 1 
practice, this could result if the NRMA applied fixed values or weights to each of the outcomes 2 
(Brauers 1998), such as a set monetary valuation for each per unit outcome or a mean weighting of 3 
aggregated expert opinion (Cippollini et al. 2005). If, however, attributed weights or values varied 4 
with quantities, then non-linear indifference curves would result. For example, if the NRMA used 5 
some form of multi-criteria decision analysis (MCDA) (Maguire and Boiney 1994; Cippollini et 6 
al. 2005; Wenstop 2005) that included stakeholder preferences (Mabin et al. 2001) and with 7 
conflict resolution as part of the process (Hostmann et al. 2005), then either implicitly or 8 
explicitly, variable weightings are likely to result. In particular, since there will be pressure to 9 
achieve some of each major outcome, resulting in aiming for some sort of balanced scorecard 10 
(Bovaird et al. 2003), then as an outcome decreases, its utility to the decision-makers will increase 11 
(Brauers 1998). Thus, the indifference curves for the NRMA will have a decreasing MRS, as 12 
shown in Figure 1b. Since ∆b1 < ∆b2 < ∆b3 then ∆a/∆b1 > ∆a/∆b2 > ∆a/∆b3 and so the MRS is 13 
decreasing. Effectively, the NRMA becomes more reluctant to substitute B for A as the quantity of 14 
A decreases and the converse holds when substituting A for B.  15 
 16 
4. Project-scale possibilities 17 
To develop the production side of the model, we focus first on the production possibilities for a 18 
single revegetation project. In Figure 2a, amax is the maximum outcome for objective A that could 19 
be achieved if all the resources available for this project were fully utilized to that end with no 20 
outcome (zero) for objective B (following Wiggering et al. 2006). Conversely, if all resources 21 
were deployed to achieve objective B, then the result is bmax with A equal to zero. In some cases 22 
there will be an incidental benefit for one objective even where all resources are concentrated on 23 
the other (see for example Wiggering et al. 2006), but total exclusion is here assumed for 24 
 9 
simplicity. Full utilization in this discussion means the efficient and full use of resources allocated 1 
to this project and using known and affordable management techniques. The line amax, bmax, known 2 
as the production possibilities frontier (PPF), is therefore all non-zero combinations of A and B 3 
that involve full utilization of resources.  4 
 5 
The PPF is the boundary of all possible combinations of outcomes, which comprise the production 6 
possibilities set (PPS). We assume the NRMA will select combinations along the PPF to both gain 7 
a Pareto improvement and, as will be shown later, to maximize utility. Figure 2a illustrates the 8 
Pareto improvement case. If the NRMA is operating at set C outcomes, it is still possible to use the 9 
budget and resources allocated for this project to achieve a Pareto improvement. That is, an 10 
allocation of resources for set D would increase objective A outcomes without a reduction in 11 
objective B, and similarly, moving to E would increase objective B without loss of A.  12 
 13 
 14 
Along the PPF (similar to the concept of the MRS) the rate at which the achievement of one 15 
outcome displaces another as resources are shifted is the marginal rate of transformation (MRT). 16 
Figure 2a shows a set where the MRT along the PPF is constant; there is no change in the 17 
opportunity cost along the curve when moving from one objective to the other. Such a neat 18 
tradeoff relationship, even approximate, is unlikely either in natural resource management or 19 
production economics, so Figure 2b demonstrates two scenarios where the trade-off relationships 20 
are non-linear.  21 
 22 
In Figure 2b, PPF 2 is the boundary of a concave PPS with a decreasing MRT, as shown by 23 
measuring the tangential slopes. From G to H the MRT equals Δa/Δb1 and from H to I it is Δa/Δb2. 24 
 10 
Since Δb2>Δb1, then Δa/Δb1 >Δa/Δb2 and so on. This holds either moving down the curve or 1 
moving from B to A up the curve. This example illustrates a threshold effect, defined as a rapid 2 
‘shift in states’ (Walker and Meyers 2004) for an objective occurs immediately upon any shift in 3 
resources. The thresholds, in this case, are at both amax and bmax (Figure 2b). For the third scenario, 4 
in which the PPS is bounded by PPF3, there are no such threshold effects and the MRT is 5 
increasing (Figure 2b). In moving from J to K to L, Δb3 > Δb4 and therefore Δa/Δb3 < Δa/Δb4 and 6 
so on. In reality, however, one can envisage more complex trade-off relationships, within which 7 
there are both increasing and decreasing MRT because there are thresholds at particular non-zero 8 
combinations. Figure 3a illustrates PPF 4, whereby shifting resources from objective A to 9 
objective B has an initially increasing MRT, characteristic of convex PPS (similar to scenario 3), 10 
then a decreasing MRT as in the concave PPS (similar to scenario 2). Combination M is an 11 
approximate threshold point.  12 
 13 
Such threshold ecological effects are being increasingly identified (Huggett 2005) at both the 14 
landscape level (Andrén 1994; With et al. 2002; Radford and Bennett 2004; Radford et al. 2005) 15 
and in species’ patch-level habitat preferences (Bütler et al. 2004; Maron 2007). For example, in 16 
the case of arboreal marsupial gliders (Petaurus sp.), a gap-crossing threshold of 75 m has been 17 
reported (van der Ree et al. 2004). Hence, a habitat restoration project that attempts also to 18 
accommodate farm management needs by locating the revegetation site further than 75 m from a 19 
patch of native vegetation would cross the isolation threshold so that the benefits to the glider 20 
would decline rapidly with increasing distance from that point.  21 
 22 
Such a dual threshold-type relationship could be envisaged for a project, the objectives of which 23 
included both habitat creation for a species which feeds on the fruit of a particular tree and timber 24 
 11 
production. Reducing the density of the habitat tree species in the plantation past an initial 1 
threshold value (Point O, Fig. 3b) in favor of a tree species of more value for timber production 2 
might result in a rapid decline in habitat suitability but as long as at least a small number of habitat 3 
trees are present, the habitat continues to be used at a low level. However, once no habitat trees are 4 
present, the habitat value drops to zero.  5 
 6 
5. Regional-scale possibilities 7 
To examine the implications of these different tradeoff relationships at a regional level, we assume 8 
there are a number of projects aimed at achieving the dual objectives across the region and these 9 
are managed as a group with costs and impacts uniform across sites. The preferences of the 10 
NRMA, illustrated by the indifference curves, are added to the production possibilities (Figure 4a). 11 
If the NRMA were to apply uniform management across all projects (i.e., all projects designed to 12 
achieve the same mix of A and B) then the regional production possibilities would have the same 13 
MRT and same shaped set as for the project scenario, only with potential outcomes multiplied by 14 
the total area (for example) of projects. Hence, in all cases, specialization to achieve objective A in 15 
all projects will result in s*amax, where s is the total area of all projects across the region (Figure 16 
4a). Conversely, the agency could also achieve s*bmax. The NRMA could also choose a 17 
combination of specialized projects (e.g. project combinations C–K) in Figure 4a. Combination G 18 
(a5, b5), results in the highest achievable utility and it is the result of devoting some of the number 19 
of available projects (n) to achieving objective A and some to achieving objective B. If the MRT 20 
for these projects were constant, exactly the same outcomes could be achieved by various 21 
combinations of uniform management but that unlikely situation is not further considered. 22 
 23 
 12 
Applying the utility maximization principle, where there is a decreasing MRT (a concave PPS) 1 
project specialization should be preferred and where MRT is increasing, dual-objective projects 2 
should be preferred, as shown in Figure 4b. In the latter case, the NRMA would estimate possible 3 
outcomes and choose the combination of A and B on the PPF that was nearest its preferences and 4 
that would be the standard mix across all n projects.  5 
 6 
The decision making becomes more complex where there are thresholds in the relationship other 7 
than immediately following combinations with one zero outcome. In Figures 5a and 5b, parts of 8 
the project PPS are above the specialization line and parts are below. In Figure 5a, if the NRMA 9 
has a preference strongly favoring Objective A, as represented by the upper indifference curve, 10 
then the option which maximizes utility is to have all dual objective projects designed to achieve 11 
a1, b1 and this is superior to any project specialization option (the straight line). If, however, the 12 
NRMA wants a more balanced portfolio, for example by combination R, then this would be 13 
achieved by some projects being designed to achieving a1, b1 and the balance aimed at achieving 14 
Objective B, with the final outcome being a2, b2. In this case, the regional PPF becomes s*amax, M, 15 
s*bmax. This segmented PPF follows the approach of Baumol and Bradford’s (1972) modeling of 16 
production choices where there are negative externalities. The PPF is the combination of segments 17 
that maximize outcomes where the management strategies vary.  18 
 19 
Similarly, where there are two thresholds, the regional PPF becomes s*amax, N, O, s*bmax (Figure 20 
5b), the straight line portion is achieved by selecting a combination of dual objective projects. For 21 
example, at P, some of the n projects would be designed to achieve the project level equivalent of 22 
a1, b1 and the remainder to achieve the equivalent of a9, b9. The key point is that when any part of 23 
a project PPS is concave, the regional level PPS includes possibilities beyond those enclosed 24 
 13 
within a straight-line PPF, which can be exploited to maximize utility through a combination of 1 
projects which include at least some dual-objective projects. 2 
 3 
6. Case Study 4 
We illustrate the importance of identifying tradeoff relationships between revegetation objectives 5 
with an example of dual objective revegetation projects for a region in the Wimmera region of 6 
Victoria, Australia. The local NRMA’s objectives include avian biodiversity conservation and 7 
salinity mitigation. Two of the most common tree genera in the region are Allocasuarina (bulokes) 8 
and Eucalyptus (eucalypts). Eucalypts typically are deep-rooted and fast-growing, and some 9 
species are recommended for planting to reduce groundwater recharge rates in deforested areas 10 
(Schofield 1992). Bulokes, on the other hand, are small, slow-growing and leafless, and are 11 
probably of limited use for reducing groundwater recharge. Yet woodlands composed of bulokes 12 
are of exceptionally high avian conservation value (Watson et al. 2000; Maron & Lill 2005; Maron 13 
et al. 2005). Small passerines are a group of conservation concern in agricultural regions in 14 
Australia, and have suffered from habitat loss and modification (Ford et al. 2001). However, they 15 
occur at relatively high abundances in even degraded buloke woodlands (Maron et al. 2005). 16 
 17 
In the case study discussed here, for a stand of bulokes to retain its value in supporting avian 18 
biodiversity, very few eucalypts must be present in the woodland, because as few as five eucalypts 19 
per hectare in a buloke woodland facilitates invasion by an aggressive avian competitor which 20 
excludes small passerines (Maron 2007). As a result, avian diversity declines as eucalypt density 21 
increases in buloke woodland (Maron 2007). Yet in revegetation projects in the study area, the two 22 
tree species have typically been planted in mixed plantings with bulokes usually comprising a 23 
relatively low proportion of seedlings. Such plantings are likely to contribute little to avian 24 
 14 
conservation, as the maturing woodland is expected to become dominated by species of little 1 
conservation concern which can coexist with the aggressive competitor (Maron 2007). Using data 2 
from a study of birds in mixed eucalypt/buloke woodlands and an estimation of relative 3 
transpiration rates, here used as a proxy for salinity mitigation, we construct the project and 4 
regional PPS for achieving these dual objectives.  5 
 6 
We assume a final density of approximately 80 stems/ha of either bulokes or eucalypts. Mindful of 7 
questions about the effectiveness of broadscale planting for salinity control (Heaney et al. 2000; 8 
Pannell 2002) the plantations are assumed to be located on the recharge areas of a groundwater 9 
catchment and of adequate size to ensure sufficient habitat size and salinity mitigation impact 10 
(following Apan et al. 2004). Data on the salinity mitigation effects of trees are limited and are 11 
usually site- and species-specific, and variable with rainfall (see for example Lewis et al. 2003). 12 
However, for this exercise, we needed only an estimate of the relative salinity mitigation potential 13 
of bulokes compared with commonly planted eucalypts.  14 
 15 
Leaf area correlates broadly with water use (Hatton et al. 1999) and so as buloke trees have small, 16 
leafless canopies, they are assumed to have lower transpiration rates, and thus lower potential to 17 
reduce recharge, than eucalypts with large, leafy canopies. In the absence of data comparing 18 
transpiration rates of these species, we use the difference in mean crown areas as a rough estimate 19 
of potential water use. 1:25,000 aerial photography from the focal catchment was used to measure 20 
the crown area of 50 randomly selected indivuduals of full-grown bulokes and eucalypts. For 21 
eucalypts (river red gum E. camaldulensis and yellow gum E. leucoxylon) mean (± 1 s.e.) canopy 22 
area was 268±20 m2, and for bulokes was 57±4 m2.  Therefore, in the model, the transpiration rate 23 
for bulokes is set at just over 20 percent of that of eucalypts. If the net transpiration over the period 24 
 15 
to maturity were used as the indicator the difference could be even greater, given the slow growth 1 
rate of buloke. However, since no growth curve is available for these species in this region, the 2 
annual rate is used to illustrate the point. 3 
 4 
The result of substituting eucalypts for bulokes and vice versa is shown in Figure 6. If 100 percent 5 
of a single project is devoted to improving small passerine abundance, there is still an estimated 6 
water use rate of 20 percent of the maximum achievable should only eucalypts be planted. The 7 
predicted abundance of small passerines falls rapidly with the introduction of eucalypts and when 8 
≥ 25 percent of the trees planted are eucalypts, the avian biodiversity benefit is almost zero. 9 
 10 
The existence of the ecological threshold results in an initially decreasing MRT and therefore, the 11 
utility-maximizing approach for the NRMA in this case would be to have specialized projects 12 
focused on either avian biodiversity or salinity mitigation. As the entire project PPS is concave, 13 
the only option for achieving an improvement in utility at the regional level is to specialize, 14 
whereas a suite of dual-objective projects would yield a sub-optimal outcome. 15 
 16 
7. Conclusion 17 
The conceptual model discussed here is envisaged as one of a set of regional planning tools. 18 
Catchment/watershed (or bio-regional) scale planning is increasingly the level at which natural 19 
resource management project portfolios are developed and implemented by regional NRM 20 
organizations. The PPS of project NRM outcomes was developed for a planning framework in 21 
which project objectives are derived from regional objectives which are in turn linked to national 22 
goals. Where there is sufficient evidence to identify threshold effects and estimate MRT, the 23 
development of production possibility models can be used to illustrate the outcomes of particular 24 
 16 
projects, and form that a regional NRM portfolio can be developed which maximizes utility. Data 1 
describing threshold relationships could also be an input to MCDA-type processes, so that once 2 
the optimal PPF is identified, the NRMA can select from a set of combinations on that frontier, so 3 
that utility is revealed after the production possibilities are known.  4 
 5 
The model developed here is potentially useful for both illustrative and planning purposes. It 6 
graphically demonstrates the case for considering at least some specialized revegetation projects in 7 
cases where threshold effects between objectives are known or strongly suspected. Where more 8 
than two goals are considered, more advanced analysis is possible for 3 objectives using a 9 
production possibilities surface (see for example Groeneveld et al. 2005) or for more with a 10 
production possibilities manifold (Brauers 1998). For the dual objective cases, the decision rules 11 
are: 1) where there is a decreasing MRT in the relationship between two objectives, then 12 
specialization at the project level achieves optimal outcomes at the regional level; 2) where there is 13 
an increasing MRT, dual objective projects should be preferred; and 3) ecological thresholds can 14 
result in a MRT which first increases and then decreases (or vice versa), meaning that maximum 15 
outcomes will arise from a mix of dual-objective and specialized projects.  16 
 17 
ACKNOWLEDGEMENTS 1 
We thank Dale Tonkinson, Clive McAlpine, Ron Dodds, Leisa Holzheimer, Andrea Kennedy, 2 
Simon Kennedy and Cassandra Star for helpful discussion on this topic. Peter Dunn assisted with 3 
statistical modeling. We thank two anonymous referees for valuable comments on an earlier 4 
version of this manuscript.  5 
 18 
References 1 
Andrén, H. 1994. Effects of habitat fragmentation on birds and mammals in landscapes with 2 
different proportions of sustainable habitat: a review. Oikos 71:355–366. 3 
Apan, A., Raine, S., Le Broque, A. and Cockfield G. 2004. Spatial Prioritization of Revegetation 4 
Sites for Dryland Salinity Management: An Analytical Framework Using GIS. Journal of 5 
Environmental Planning and Management 47: 811–825. 6 
Barrett, G. W., H. A. Ford, and H. F. Recher. 1994. Conservation of woodland birds in a 7 
fragmented rural landscape. Pacific Conservation Biology 1:245–256. 8 
Baumol, W. and D. Bradford. 1972. Detrimental Externalities and Non-convexity of the 9 
Production Set. Economica 39: 160–176. 10 
Boscolo, M. and J. Vincent. 2003. Non-convexities in the Production of Timber, Biodiversity and 11 
Carbon Sequestration. Journal of Environmental Economics and Management 46: 251–12 
268. 13 
Bovaird, T., E. Loeffler and J,. Martin. 2003. From Corporate Governance to Local Governance: 14 
Stakeholder-Driven Community Score Cards for UK Local Agencies?. International 15 
Journal of Public Administration 26: 1035–1058.  16 
Brack, C. L. 2002. Pollution mitigation and carbon sequestration by an urban forest. 17 
Environmental Pollution 116:S195–200. 18 
Brauers, W. 1998. A Non-linear Utility Theory with Multiple Objectives. Journal of Multi-criteria 19 
Decision Analysis 7:193–203. 20 
Bryan, B., N. Crossman, T. Schultz, J. Connor, and J. Ward. 2005. Systematic Regional Planning 21 
for Multiple Objective Natural Resource Management in the South Australian River 22 
Murray Corridor. Stage 2 Report for the River Murray Dryland Corridor Project, Adelaide. 23 
 19 
Bütler, R., P. Angelstam, P. Ekelund, and R. Schlaepfer. 2004. Dead wood threshold values for the 1 
three-toed woodpecker presence in boreal and sub-Alpine forest. Biological Conservation 2 
119:305–318. 3 
Catterall, C. P., J. Kanowski, D. Lamb, D. Killin, P. Erskine, and G. Wardell-Johnson. 2005. 4 
Tradeoffs between timber production and biodiversity in rainforest tree plantations: 5 
emerging issues from an ecological perspective. Pages 206–222 in P. D. Erskine, D. Lamb, 6 
and M. Bristow, editors. Reforestation in the Tropics and Sub-tropics of Australia Using 7 
Rainforest Species Rainforest CRC and RIRDC, Canberra. 8 
Centre for International Economics. 1999. Midterm review of the Natural Heritage Trust - 9 
Bushcare program. CSIRO Resource Policy and Management, Canberra.  10 
Cipollini, K. A., A. L. Maruyama, and C. L. Zimmerman. 2005. Planning for restoration: a 11 
decision analysis approach to prioritization. Restoration Ecology 13:460–470. 12 
Commonwealth of Australia. 1996. The National Strategy for the Conservation of Australia's 13 
Biological Diversity. Commonwealth Department of the Environment, Sport and 14 
Territories, Canberra. 15 
Elliott, S., P. Navakitbumrung, C. Kuarak, S. Zangkum, V. Anusarnsunthorn, and D. Blakesley. 16 
2003. Selecting framework tree species for restoring seasonally dry tropical forests in 17 
northern Thailand based on field performance. Forest Ecology and Management 184:177–18 
191. 19 
Environment Australia. 2001. Environment Australia. Annual report 2000-01, Commonwealth of 20 
Australia, Canberra. 21 
Ford, H. A., G. W Barrett, D. A. Saunders and H. F. Recher. 2001. Why have birds in the 22 
woodlands of southern Australia declined? Biological Conservation 97: 71–88. 23 
 20 
Fuller, R. J., R. D. Gregory, D. W. Gibbons, J. H. Marchant, J. D. Wilson, S. R. Baillie, and N. 1 
Carter. 1995. Population declines and range contractions among lowland farmland birds in 2 
Britain. Conservation Biology 9:1425–1441. 3 
Green, R. E., S. J. Cornell, J. P. W. Scharlemann, and A. Balmford. 2005. Farming and the fate of 4 
wild nature. Science 307:550–555. 5 
Gregory, N. G. 1995. The role of shelterbelts in protecting livestock: a review. New Zealand 6 
Journal of Agricultural Research 38:423–450. 7 
Groeneveld, R., C. Grashof-Bokdam and E. van Ierland. 2005. Metapopulations in Agricultural 8 
Landscapes: A Spatially Explicit Trade-off Analysis. Journal of Environmental Planning 9 
and Management 48: 527–547. 10 
Harley, D. K. P., M. A. Worley, and T. K. Harley. 2005. The distribution and abundance of 11 
Leadbeater's possum Gymnobelideus leadbeateri in lowland swamp forest at Yellingbo 12 
Nature Conservation Reserve. Australian Mammalogy 27:7–15. 13 
Hatton, T., Reece, P., Taylor P. and K. McEwan. 1999. Does Leaf Water Efficiency Vary Among 14 
Eucalypts in Water-limited Environments? In J. Landsberg (ed), The Way Trees Use 15 
Water. Water and Salinity Issues in Agroforestry No. 5, Rural Industries Research and 16 
Development Corporation. Canberra. http://www.rirdc.gov.au/reports/AFT/99-37.pdf, 17 
accessed January 26 2008. 18 
Hawke, R. 1989. Our Country our Future: Statement on the Environment. Commonwealth of 19 
Australia, Canberra. 20 
Heaney, A., S. Beare and R. Bell. 2000. Targeting reforestation for salinity management. 21 
Australian Commodities. 7(3):511–518. 22 
Hobbs, R. J. 1993. Can revegetation assist in the conservation of biodiversity in agricultural areas? 23 
Pacific Conservation Biology 1:29–38. 24 
 21 
Hostmann, M., T. Bernauer, H. J. Mosler, P. Reichert, and B. Truffer. 2005. Multi-attribute value 1 
theory as a framework for conflict resolution in river rehabilitation. Journal of Multi-2 
criteria Analysis 13:91–102 3 
Huggett, A. J. 2005. The concept and utility of 'ecological thresholds' in biodiversity conservation. 4 
Biological Conservation 124:301–310. 5 
Krebs, J. R., J. D. Wilson, R. B. Bradbury, and G. M. Siriwardena. 1999. The second Silent 6 
Spring? Nature 400:611–612. 7 
Lamb, D., P. D. Erskine, and M. Bristow. 2005. Reforestation with rainforest timber trees in the 8 
tropics and subtropics of Australia: a brief overview. Pages 2-6 in P. D. Erskine, D. Lamb, 9 
and M. Bristow, editors. Reforestation in the tropics and subtropics of Australia using 10 
rainforest tree species. Rural Industries Research and Development Corporation, Barton, 11 
ACT. 12 
Lewis, M., R. Lott and R. Prinsley. 2003. The Role of Farm Forestry in Salinity Management. 13 
Proceedings of the 2003 PUR$L Conference: Salinity Under the Sun – Investing in the 14 
Prevention and Rehabilitation of Salinity in Australia. Queensland Department of Natural 15 
Resources, Brisbane. 16 
http://www.ndsp.gov.au/News_and_Event_Archive/PURL/2003_PURL_Conference/index17 
.aspx, accessed January 20, 2008. 18 
Mabin, V., G. King, M. Menzies and K. Joyce. 2001. Public sector priority setting using decision 19 
support tools. Australian Journal of Public Administration 60:44–59. 20 
Maguire, L. and L. Boiney 1994. Resolving Environmental Disputes: a Framework Incorporating 21 
Decision Analysis and Dispute Resolution Techniques. Journal of Environmental 22 
Management 42:31–48 23 
 22 
Marden, M., G. Arnold, B. Gomez, and D. Rowan. 2005. Pre- and post-reforestation gully 1 
development in Mangatu Forest, east coast, North Island, New Zealand. River Research 2 
and Applications 21:757–771. 3 
Maron, M., and A. Lill. 2005. The influence of livestock grazing and weed invasion on habitat use 4 
by birds in grassy woodland remnants. Biological Conservation 124:439–450. 5 
Maron, M., A. Lill, D. M. Watson, and R. Mac Nally. 2005. Temporal variation in bird 6 
assemblages: how representative is a one-year snapshot? Austral Ecology 30:383–394. 7 
Maron, M. 2007. Threshold effect of eucalypt density on an aggressive avian competitor. 8 
Biological Conservation 136:100–107. 9 
Pannell, D. 2002. Dryland salinity: economic, scientific, social and policy dimensions. The 10 
Australian Journal of Agricultural and Resource Economics 45:517–546. 11 
Parkyn, S. M., R. J. Davies-Colley, N. J. Halliday, K. J. Costley, and G. F. Croker. 2003. Planted 12 
riparian buffer zones in New Zealand: do they live up to expectations? Restoration Ecology 13 
11:436–447. 14 
Perrings, C., L. Jackson, K. Bawa, L. Brussaard, S. Brush, T. Gavin, R. Papa, U. Pascual, and P. 15 
De Ruiter. 2006. Biodiversity in agricultural landscapes: saving capital without losing 16 
interest. Conservation Biology 20:263–264. 17 
Prato, T. 2003. Managing threats to protected areas using multiple criteria evaluation, making 18 
ecosystem based management work: connecting managers and researchers. Proceedings of 19 
the Fifth International Conference on the Science and Management of Protected Areas. 20 
Science and Management of Protected Areas Association of America, Wolfville, Nova 21 
Scotia.  22 
 23 
Qureshi, M. E., and S. R. Harrison. 2001. A decision support process to compare riparian 1 
revegetation options in Scheu Creek catchment in north Queensland. Journal of 2 
Environmental Management. 62:101–112. 3 
Radford, J. Q., A. F. Bennett, and G. J. Cheers. 2005. Landscape-level thresholds of habitat cover 4 
for woodland-dependent birds. Biological Conservation 124:317–337. 5 
Radford, J. Q., and A. F. Bennett. 2004. Thresholds in landscape parameters: occurrence of the 6 
white-browed treecreeper Climacteris affinis in Victoria, Australia. Biological 7 
Conservation 117:375–391. 8 
Sayer, J., U. Chokkalingam, and J. Poulsen. 2004. The restoration of forest biodiversity and 9 
ecological values. Forest Ecology & Management 201:3–11. 10 
Schofield, N. J. 1992. Tree planting for dryland salinity control in Australia. Agroforestry Systems 11 
20:1–23 12 
Spiegel, H.W. 1991. The Growth of Economic Thought. Duke University Press, Durham & 13 
London. 14 
Stirzaker, R. J., F. J. Cook, and J. H. Knight. 1999. Where to plant trees on cropping land for 15 
control of dryland salinity: some approximate solutions. Agricultural Water Management 16 
39:115–133. 17 
van der Ree, R., A. F. Bennett, and D. C. Gilmore. 2004. Gap-crossing by gliding marsupials: 18 
thresholds for use of isolated woodland patches in an agricultural landscape. Biological 19 
Conservation 115:241–249. 20 
Vesk, P. A., and R. Mac Nally. 2006. The click is ticking - revegetation and habitat for birds and 21 
arboreal mammals in rural landscapes of southern Australia. Agriculture, Ecosystems and 22 
Environment 112:356–366. 23 
 24 
Vincent, J. R., and C. S. Binkley. 1993. Efficient multiple-use forestry may require land-use 1 
specialisation. Land Economics 69:370–376. 2 
Vitosh, M. A., and J. R. Thompson. 2000. Iowa communities benefit from an externally funded 3 
tree-planting program. Journal of Arboriculture 26:114–119. 4 
Walker, B. and J. Meyers. 2004. Thresholds in Ecological and Social-Ecological Systems: a 5 
Developing Database, Ecology and Society. 9: 3, 6 
http.www.ecologyandsociety.org/vol9/iss2/art3 7 
Watson, D. M., R. Mac Nally, and A. F. Bennett. 2000. The avifauna of severely fragmented, 8 
Buloke Allocasuarina luehmanni woodland in western Victoria, Australia. Pacific 9 
Conservation Biology 6:46–60. 10 
Wenstop, F. 2005. Mindsets, rationality and emotion in multi-criteria decision analysis. Journal of 11 
Multi-criteria Decision Analysis 13:161–172 12 
Wiggering, H., Dalchow, C., Glemnitz, M., Helming, K., Muller, K., Schultz, A., Stachow, U., 13 
Zander, P. 2006. Indicators for multi-functional land use – Linking socioeconomic 14 
requirements with landscape potentials, Ecological Indicators 6: 238–249. 15 
Wilkins, S., D. A. Keith, and P. Adam. 2003. Measuring success: evaluating the restoration of a 16 
grassy eucalypt woodland on the Cumberland Plain, Sydney, Australia. Restoration 17 
Ecology 11:489–503. 18 
With, K. A., D. M. Pavuk, J. L. Worchuck, R. K. Oates, and J. L. Fisher. 2002. Threshold effects 19 
of landscape structure on biological control in agroecosystems. Ecological Applications 20 
12:52–65. 21 
World Commission on Environment and Development. 1987. Our Common Future. Oxford 22 
University Press, Oxford.  23 
 25 
Figure 1. Indifference curve set for regional avian biodiversity and salinity mitigation outcomes 1 
where the marginal rate of substitution is a) constant, and b) decreasing. All 2 
combinations on each curve are of equal utility to the NRMA. Utility increases from µ1 to 3 
µ2 and to µ3, and so on. 4 
 5 
Figure 2. Production possibilities sets for a dual objective project under different scenarios. In 2a), 6 
the marginal rate of transformation (MRT) along the PPF, or rate at which one outcome 7 
is displaced for the other, is constant. Figure 2b shows two additional scenarios for the 8 
MRT. PPF 2 has a decreasing MRT and PPF3 has an increasing MRT. 9 
 10 
Figure 3. Production possibilities sets for dual objective projects with both increasing and 11 
decreasing MRT. In Figure 3a, point M marks a threshold after which efforts to increase 12 
outcomes for B result in a sharp decrease in A (a substantial decrease in the MRT). Some 13 
points on the PPF are above the straight line and some below. Figure 3b shows a 14 
production possibilities set for a dual objective project with two threshold effects. In this 15 
case there is a threshold in shifting from A to B at set O, similar to the case in Figure 3a, 16 
and another in moving from B to A, at set P. 17 
 18 
Figure 4. Regional production possibilities and utilities. In a) each point along s*PPF1 represents 19 
a combination of specialized revegetation projects (where the number of projects = n). 20 
Shifting from combination C to D requires increasing the number of projects aimed at 21 
achieving Objective B and so on down the line. In b) the straight line is the combinations 22 
from 4a, compared to scenarios with projects that have, respectively, an increasing and 23 
decreasing MRT. If the MRT for all projects is consistently decreasing (s*PPF2) then 24 
 26 
utility will be maximized by having full specialization at the project level, since any 1 
combination on µ3 has greater utility than any combination on µ1. Conversely, all points 2 
on s*PPF3 are above the specialization combinations and therefore in the case of 3 
increasing MRT, dual objective projects would maximize utility, since, for example, µ5 4 
has greater utility than any combination on µ3.  5 
 6 
Figure 5. Scenarios for regional possibilities when complex threshold effects are present. 5a 7 
shows a single threshold at point M, which results in a regional PPS (bounded by the 8 
dark line) that is partially convex. From s*amax to M is represents the uniform 9 
management of all projects in that project combination range. From M to s*bmax is 10 
achieved by some combination of dual objective projects targeted at achieving a1, b1 and 11 
projects specializing on Objective B. In Figure 5b there are two thresholds, at points N 12 
and O and so the straight line section of the regional PPF (N to O) represents a mix of 13 
projects aimed at either achieving a1, b1 or a9, b9. Above and below the threshold points, 14 
uniform management achieves greater outcomes.  15 
 16 
Figure 6. Water use and avian biodiversity trade-offs for revegetation projects in the study area. 17 
Although the PPS for individual projects is concave, efficiencies in meeting both 18 
objectives at the regional level can be gained through a combination of specialized 19 
projects. 20 
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